**Facts** Mutation-specific therapies that aim at circumventing CFTR protein defects require different approaches for distinct classes of CFTR variants.The era of mutation-specific therapies truly started with the FDA and EMA approval of the CFTR potentiator Ivacaftor in patients bearing at least one copy of G551D or some other class III mutation.A combination of the CFTR corrector Lumacaftor and the potentiator Ivacaftor has been approved for the treatment of patients bearing the most common F508del-CFTR mutation in homozygosis in spite of modest clinical benefits. Thus, new CFTR correctors are being tested in combination with Ivacaftor or new CFTR potentiators.More recent evidences indicate that CFTR operates in a context-specific dynamic network of interactor proteins, the 'CFTR functional landscape', that integrates both proteostasis and the 'social' CFTR network. Proteostasis regulators have emerged as alternative approaches to circumvent CFTR defect by improving defective proteostasis thus avoiding unwanted protein-protein interactions and reinstating desirable interactions for misfolded CFTR variants.

**Open Questions** The clinical utility of Ivacaftor is limited to a small fraction of \~10% of CF patients, meaning that the largest segment of the CF population still awaits an etiological cure.Currently, no treatments are available for patients bearing the F508del-CFTR mutation in combined heterozygosis with another severe CFTR mutation.Accumulating evidence clearly indicates that targeting major systems of cellular proteostasis, can improve traffic and PM stability of F508del-CFTR. Will a variable combination of CFTR modulators (CFTR-centric approach) and proteostasis regulators configure the authentic etiological CF therapy that can be adapted to each individual patient's needs?Heterogeneity in the therapeutic response rate characterizes CF and makes the interpretation of clinical trials problematic. CF patients bearing exactly the same *CFTR* genotype may differ in their clinical response to experimental treatments. Is it the time for personlized approaches to CF therapy?Testing the individual responsiveness to candidate drugs requires objective and measurable indicators of drug efficacy that can be capable of either predicting or early monitoring drug efficacy. Are reliable, feasible, reproducible and clinically/biologically relevant biomarkers of clinical efficacy available?

Cystic Fibrosis (CF) (OMIM 219700) is an autosomal recessive disease occurring in approximately 1 in 3500 live births in the Caucasian population, and, though to a lesser extent, in almost all other ethnic groups. CF results from loss of function mutations in the gene coding for the cystic fibrosis transmembrane conductance regulator (CFTR), a 1480-amino acid protein functioning as a cAMP-regulated anion channel at the plasma membrane (PM) of epithelial cells and other cell types.^[@bib1]^ The CFTR defect results in reduced epithelial chloride transport and bicarbonate secretion coupled to a wide clinical spectrum of highly heterogeneous disease manifestations.^[@bib2]^ The CF phenotype comprises dysfunction of the exocrine pancreas, gastrointestinal disease, hepatobiliary failure, male infertility and, as a diagnostic marker, increased electrolytes in sweat. However, the most prevalent CF manifestation is a chronic progressive lung disease resulting from accumulation of viscous mucus, chronic inflammation, and persistent bacterial infections, mainly by *Pseudomonas aeruginosa* (PA), *Staphylococcus aureus* and *Burkholderia cepacia* (BC).^[@bib2]^ This eventually culminates in respiratory insufficiency and premature death.^[@bib3]^

Although CF is considered as a prototypic monogenetic disease, its genetics is complicated by the fact that more than 2000 different genetic variants affect *CFTR* (Clinical and Functional Translation of CFTR, 'CFTR2', <http://www.cftr2.org/>) producing variable phenotypes.^[@bib2]^ Moreover, even patients with the same genotype exhibit clinical heterogeneity, which may result from environmental factors and modifier genes.^[@bib2]^ Ever refined genotyping methods coupled to the availability of extensive databases has improved CF diagnostic, as well as the identification of novel genotype-based therapeutic tools (theratyping). Nonetheless, correction of the primary CFTR defect is currently partially achieved and hence is far away from replacing symptomatic therapies that already have extended the median life expectancy of CF patients beyond 40 years^[@bib3]^ ([Box 1](#bx1){ref-type="boxed-text"}, [Table 1](#tbl1){ref-type="table"}).

Molecular Bases of the CFTR Defect
==================================

CFTR is a unique member of the ATP-binding cassette (ABC) transporters family that acts as an ATP-gated low conductance chloride-selective channel.^[@bib1]^ The CFTR protein is composed by two membrane spanning domains (MSD 1 and 2), consisting of 6 membrane spanning *α*-helices (M1 to M6) and two cytosolic loops (ICLIs), two nucleotide-binding domains (NBD1 and NBD2) and one regulatory domain (RD).^[@bib4]^ RD contains multiple phosphorylation sites^[@bib5]^ that regulate the low-conductance Cl^−^ selective channel gating at the NBDs by cycles of ATP binding and hydrolysis.^[@bib1],\ [@bib6]^ ATP binding to the NBDs initiates a sequence of conformational changes that leads to NBD dimerization and channel opening.^[@bib7]^ Since crystal structures are available for the isolated NBD1 and NBD2 only but not for the full-length CFTR, homology models have been designed.^[@bib7],\ [@bib8],\ [@bib9]^ Both NBDs have two sites for ATP binding at the dimer interface. The first one (termed site 1), which tightly binds ATP, is characterized by Walker A and B motifs in NBD1 and by an LSGGQ motif (LSHGH) in NBD2, while the other (site 2), which hydrolyzes ATP, is identified by a Walker A and B motifs in NBD2 and by an LSGGQ motif in NBD1 (ref. [@bib4]). Molecular models predict inter-domain interactions through MSDs, ICLs and NBDs, in particular ICL2/NBD2 and ICL4/NBD1. Moreover, the 4th extracellular loop (ECL) in CFTR is glycosylated in the fully mature and folded protein. Altogether it appears that CFTR stability and function involves multiple domains of the protein, thus explaining why so many mutations affecting distinct domains of the protein may cause CF.

Classification of CFTR mutations
--------------------------------

Approximately 2000 sequence variants affect CFTR including missense, frameshift and nonsense mutations, as well as truncations, in-frame deletions and insertions. Most CFTR mutations are very rare except the deletion of phenylalanine 508 (Phe-508del or F508del), which is present in approximately 85% of CF patients worldwide (though with some local variations), ∼50% of whom bear two copies of the F508del allele, while the remaining patients bear one F508del allele combined with another loss-of-function mutation (<http://www.genet.sickkids.on.ca/cftr/StatisticsPage.html>).

Distinct CFTR mutations can impair the synthesis, processing, PM stability, recycling or gating of CFTR protein with variable phenotypic consequences depending on the amount of residual functional protein.^[@bib2],\ [@bib10]^ This led to the classification of CFTR mutations in 6 groups^[@bib10],\ [@bib11]^ with distinct functional consequences ([Figure 1](#fig1){ref-type="fig"}).

From CFTR mutations to CFTR biology
-----------------------------------

The classification of CFTR mutations stimulated the search for drugs that correct the defective function of specific CFTR mutants. However, it turned out that most mutant proteins manifest multiple (rather than simple) molecular defects and hence should have been included in more than just one class of mutations. Thus, the class II mutation F508del CFTR, also manifests hallmarks of class III mutants (a channel gating defect) and class IV mutants (increased turnover in the post-ER compartment, defective recycling and decreased PM stability).^[@bib12],\ [@bib13],\ [@bib14]^ Similarly, the class I PTC W1282X mutant exhibits compromised NBD1-NBD2 dimerization due to a partial deletion of NBD2, leading to folding defects and reduced activity (which would be proper of class II and III mutants).^[@bib15],\ [@bib16]^ To palliate the intrinsic deficiency of the initial classification of CFTR mutation in classes I--VI, an expanded classification of CFTR mutations has recently been proposed. Such a refined classification includes 31 possible classes of CFTR mutations and may support the rationale for combining several drugs that target different steps of CFTR biology.^[@bib17]^

From CFTR mutations to CF pathology
-----------------------------------

CFTR operates in a context-specific dynamic network of interactor proteins.^[@bib18],\ [@bib19]^ This CFTR network is connected to, and influenced by, the proteostasis network.^[@bib18]^ Accordingly, the WT and F508del CFTR interactomes are rather different^[@bib20],\ [@bib21]^ and fluctuations in the cellular environment (such as low temperature) modify the interaction of CFTR with other cellular proteins.^[@bib20],\ [@bib21]^ These pieces of evidence support the emerging vision that CFTR does not act as a pure ion channel but that it is a major orchestrator of proteostasis^[@bib21],\ [@bib22],\ [@bib23]^ Thus, defective or mutant CFTR deeply perturbs cellular homeostasis well beyond the mere absence of its chloride channel function. The dynamic network of CFTR interacting components has recently been referred to by Balch and Amaral as the 'CFTR functional landscape' (CFFL), to integrate both proteostasis and the 'social' CFTR network (SN).^[@bib21]^ Drugs may advantageously affect the CFFL by avoiding unwanted protein-protein interactions and reinstating desirable interactions for misfolded CFTR variants, thereby improving defective proteostasis.

The pathogenesis of CF is connected to alterations in major cellular functions, including autophagy,^[@bib24],\ [@bib25],\ [@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30]^ the posttranslational network,^[@bib31],\ [@bib32]^ and the phosphoproteome,^[@bib33]^ all of which are influenced by, and impact on, CFTR dysfunction, often in a series of vicious cycles.^[@bib24],\ [@bib25],\ [@bib26]^ Since these cellular functions can impact on F508del-CFTR trafficking, degradation and stability,^[@bib34]^ they may represent potential targets for F508del-CFTR repair,^[@bib21],\ [@bib25],\ [@bib29],\ [@bib35],\ [@bib36]^ as we will discuss below.

Gene therapy for CFTR repair
----------------------------

As a monogenic disease, CF is an obvious candidate for gene therapeutic approaches. Major efforts have focused on the most appropriate way to deliver a functional CFTR gene into respiratory epithelia.^[@bib37]^ This task is rendered difficult by innate airway barriers against the entry of viral or non-viral vectors, particularly in CF patients, in which excessive mucus and inflammation may pose extra problems. Following unsuccessful attempts with adeno-associated viruses or retroviruses, the UK consortium for gene therapy promoted the optimization of plasmid-DNA-liposomes. Monthly administration of this latter therapy for 1 year led to a significant, although modest improvement of lung function.^[@bib38]^ More recently F/HN-pseudotyped lentiviral vectors have been proposed as a promising tool for clinical trials.^[@bib39]^

Recently, new avenues have been explored to correct the *CFTR* gene defect by genome editing. *DNA editing* uses engineered nucleases to remove mutated segments of the gene followed by homologous recombination with the wild-type gene. This approach ensures the cleavage at the specific sites of mutant but not of normal *CFTR* alleles by taking advantage of different techniques as the CRISP/Cas9 and specific RNA guides.^[@bib40]^ RNA editing is another approach in which single-strained antisense RNA-based oligonucleotides replace deleted mRNA segments, thus leading to the translation of repaired RNA into wild-type CFTR protein.^[@bib41]^ A phase I study evaluates the most promising agent, QR-010 (ProQR Therapeutics, Leiden, The Netherlands), which is intranasally applied to CF patients that are either homozygous for the F508del mutation or compound heterozygous (NCT02532764).

Pharmacological Strategies for CFTR Repair
==========================================

Restoring CFTR function to approximately 20--30% of the normal value is believed to confer tangible clinical benefits.^[@bib2]^ Thus, drug discovery programs have focused on compounds capable of restoring a sufficient amount of functional CFTR protein to attenuate the CF phenotype.

Ribosomal read-through of PTCs
------------------------------

PTCs hinder the translation of mRNA into CFTR protein. Aminoglycoside antibiotics, as gentamicin, or the synthetic aminoglycoside derivative NB124 can promote the ribosomal 'read-through' of PTCs of class I-mutated CFTR mRNA as they favor an amino acid insertion at the PTC.^[@bib42]^ The potential toxicity of aminoglycosides encouraged high-throughput screening (HTS) programs leading to the discovery of the orally available compound PTC124 (Ataluren), which is able to read-through PTCs but not native stop codons. PTC124 was able to promote dystrophin production in a mouse model of Duchenne's disease and CFTR expression, in mice bearing the G542X CFTR mutant.^[@bib43]^ In addition, induction of the unfolded protein response could be an alternative strategy to stabilize transcripts with PTC for read-through by attenuating nonsense-mediated RNA decay of PTC variants.^[@bib44]^ To date, the European Medicine Agency (EMA) granted conditional approval for Ataluren in patients with Duchenne's disease caused by PTC. Clinical trials evaluated the potential efficacy of Ataluren in CF, as we will discuss below.

Compounds targeting CFTR ion channel function: CFTR potentiators
----------------------------------------------------------------

Cell-based HTS led to the identification of small molecules capable of increasing the flow of ions through surface-localized CFTR mutants with gating defects (class III).^[@bib45]^ Beyond the laboratory reagent VX-532, VX-770 (Ivacaftor, Kalydeco, Vertex Pharmaceutical) was the first potentiator of channel gating that obtained Food and Drug Administration (FDA) and EMA approval for the treatment of CF patients bearing the G551D-CFTR mutation,^[@bib46]^ other specific non G551D gating mutations including G178R, S549N, S549R, G551S, G1244E, S1251N and G1349D and for adults with the R117H mutation.^[@bib47]^ The mechanisms through which Ivacaftor increases channel gating are still unclear, as it has similar *in vitro* effects on CFTR mutants affecting rather distinct domains including the signature motif of NBD1 (G551D), M2 of MSD (R117H), RD (R668C) and ICL4 (A1067T).^[@bib16]^ Ivacaftor stabilizes the open state of CFTR, thus increasing chloride transport of wild-type CFTR and stimulates the activity of G551D-CFTR to 50% of that of non-mutated CFTR.^[@bib45]^ Moreover, Ivacaftor enhances phosphorylation-dependent but ATP-independent channel gating by G551D CFTR and uncouples gating from ATP hydrolysis.^[@bib48],\ [@bib49],\ [@bib50]^

Beyond its effects on channel gating, two research groups reported unpredicted effects for Ivacaftor.^[@bib51],\ [@bib52]^ Chronic exposure *in vitro* to Ivacaftor destabilizes the hyper-stable G551D-CFTR protein, which normally is too rigid for channel gating, hence improving its function at the PM. This concentration-dependent destabilizing effect of Ivacaftor also affects other CFTR variants that are normostable (such as wild-type CFTR) or constitutively hypostable, such as F508del^[@bib51]^ for which Ivacaftor appears to be detrimental. This may explain, at least in part, the marginal clinical benefit of a combinatory treatment with Ivacaftor and the CFTR corrector VX-809 (Lumacaftor) (Orkambi, Vertex) that was recently FDA- and EMA- approved for the treatment of F508del-CFTR homozygous patients.^[@bib10],\ [@bib53],\ [@bib54]^ More recently, cell-based HTS has identified several classes of potentiators (including tetrahydro-benzothiophenesthio-oxoaminothiazoles and pyrazole--pyrrole--isoxazole) that, at difference with Ivacaftor, do not reduce the efficacy of F508-del-CFTR correctors^[@bib55]^ and also weakly activate WT and G551D CFTR.^[@bib55]^ Recently, a synergistic effect of two distinct CFTR potentiators, VX-770 and a nitro-phenylpropylamino benzoate, has been reported.^[@bib56]^ Newly developed CFTR potentiators, as GLPG1837 (Galapagos, Mechelen, Belgium), Q8W251 (Novartis, Basel, Switzerland), FDL169 (Flatley Discovery Laboratory LCC, Charlestown, MA, USA), C-10355 and C-10358 (Concert, Lexington, MA, USA) are currently evaluated in clinical trials.

Compounds targeting CFTR protein trafficking: CFTR correctors
-------------------------------------------------------------

The F508del-CFTR mutant is a misfolded thermo-instable protein that undergoes premature intracellular degradation and can be rescued at the cell surface *in vitro* by culture of cells at low (26--30 °C) temperature. HTS led to the identification of small molecules including VX-325 (C3) and corr-4a (C4) that rescue the folding defect of F508del-CFTR (correctors)^[@bib57]^ ([Box 2](#bx2){ref-type="boxed-text"}). Other correctors have been identified by HTS screening and computational approaches.^[@bib58]^ HTS performed by Vertex Pharmaceutical with the support of the Cystic Fibrosis Foundation Therapeutics, identified the correctors VX-809 and more recently, VX-661 (refs [@bib57], [@bib59]). VX-809 directly binds F508del-CFTR at the interface between NBD1 and ICL4 of MSD2 and stabilizes the NBD-MSD interface, yet it can also interact with the N-terminal fragment of CFTR, i.e., MSD1 or MSD1-NBD1(refs [@bib4], [@bib60], [@bib61]). VX-809 increases the processing efficiency of F508del-CFTR and stabilizes its immature form.^[@bib34]^ VX-809 can also improve CFTR expression in human bronchial epithelial (HBE) cells from CF donors bearing class II A561E but not class II N1303K mutations.^[@bib62]^ However, VX-809 was less effective on HBEs bearing one copy instead of two copies of F508del-CFTR.^[@bib62],\ [@bib63]^ New screening programs aim at the identification of second-generation correctors that synergize with VX-809 through binding to different sites of mutated CFTR ([Box 2](#bx2){ref-type="boxed-text"}).

Combination treatments require heavy logistics for clinical development and may elicit unwarranted drug interactions. This prompted the search for molecules with dual (corrector and potentiator) activity. Aminoarylthiazoles (AATs)^[@bib64]^ are an interesting example of dual active compounds.^[@bib65]^ Moreover, 4,6,4\'-trimethylangelicin was found to potentiate wild-type CFTR as well as to rescue the F508del-CFTR protein in human bronchial epithelial cells.^[@bib66]^ In addition, CFTR modulating effects have been achieved in preclinical models by phosphodiesterase-5 inhibitors that exhibit both potentiator and corrector activity through cGMP-dependent and independent mechanisms, respectively.^[@bib67]^ Whether these strategies may be useful for the treatment of F508del-CFTR patients, is under investigation.

Alternative approaches to CFTR repair: proteostasis modulators
--------------------------------------------------------------

CFTR-repairing therapeutic strategies aiming at the improvement of proteostasis have emerged.^[@bib18],\ [@bib21],\ [@bib24],\ [@bib25],\ [@bib29]^ Instead of directly targeting the mutant CFTR protein, these approaches focus on the specific cellular environment perturbed by defective CFTR function,^[@bib18],\ [@bib21]^ as well as on major ER quality control (ERQC) mechanisms that may intercept mutant CFTR protein and impede its traffic to the PM (reviewed in ref. [@bib12]) ([Figures 2a and b](#fig2){ref-type="fig"}). As an example, suberolyanilide hydroxamic acid (SAHA), a histone deacetylase inhibitor and regulator of heat shock protein (Hsp)90 chaperone, can rescue the function of F508del-CFTR *in vitro* to 28% of that of wild-type CFTR.^[@bib68]^ Silencing the expression of the Hsp90 co-chaperone Aha1, favors the exit of F508del-CFTR from the ER and its traffic to the PM.^[@bib69]^ Moreover, the modulation of Hsp70/Hsp90 organizing protein (HOP) nitrosylation by the inhibitor of S-nitrosoglutathione reductase (GSNOR) N91115, prevents mature CFTR degradation in epithelial cell cultures.^[@bib70],\ [@bib71]^ More general proteostasis modulators aim at subtly redressing the perturbed proteostasis in CF, mostly by enhancing autophagic flux^[@bib24],\ [@bib25],\ [@bib35],\ [@bib36]^ ([Figure 3](#fig3){ref-type="fig"}) and by modulating the phosphoproteome.^[@bib33],\ [@bib35],\ [@bib36]^

### Proteostasis modulators that stimulate autophagy

Epithelial cells bearing the F508del-CFTR mutation manifest an increased tendency of protein aggregation affecting the NBD1 domain of CFTR,^[@bib24],\ [@bib72]^ as well as regulatory and anti-inflammatory proteins.^[@bib24],\ [@bib31],\ [@bib32]^ Increased generation and defective detoxification of reactive oxygen species (ROS) entail changes of the post-translational network, including SUMOylation of the multifunctional enzyme transglutaminase-2 (TG2),^[@bib73]^ thus preventing its ubiquitin-mediated degradation and sustaining TG2 activation^[@bib31],\ [@bib32]^ ([Figure 3](#fig3){ref-type="fig"}). TG2 in turn stimulates protein aggregation.^[@bib32]^ Most intracellular chaperones, including those involved in CFTR trafficking, interact with TG2.^[@bib73]^ The overactive TG2 in CF epithelia sequesters several substrate proteins,^[@bib32]^ including the master regulator of autophagy, Beclin 1 (BECN1), hence suppressing autophagy,^[@bib24]^ a key pathway of stress-induced adaptation to cell-autonomous or environmental stresses.^[@bib74],\ [@bib75]^ ([Figure 3](#fig3){ref-type="fig"}). Defective autophagy results in the accumulation of the autophagic substrate SQSTM1/p62 (ref. [@bib76]), which binds to ubiquitinated F508del-CFTR, thus favoring either its degradation and PM disposal.^[@bib22],\ [@bib25]^ Inhibition of the BECN1-dependent class 3 phosphatidyl-inositol-3 (PtdIns3)-kinase (PtdIns3K, also known as hVps34) reduces the availability of PtdIns3-phosphate (*PtdIns3P*),^[@bib77]^ thus inhibiting endosomal trafficking and the recycling of PM proteins, including CFTR^[@bib22]^ ([Figure 3](#fig3){ref-type="fig"}). Apparently, CFTR, TG2 and autophagy can impact on each other in feed-forward loops. Thus, CFTR inhibition activates TG2 and inhibits autophagy, while conversely TG2 inhibition and autophagy induction both have a positive impact on the abundance of functional F508del-CFTR protein. Notably, TG2 activation inhibits autophagy, and the TG2 interactome is remodeled upon autophagy induction. Thus, TG2 and autophagy intersect most quality control checkpoints that dictate the rules of F508del-CFTR processing, trafficking and PM stability.^[@bib73]^

Restoring autophagy flux by genetic interventions (enforced expression of BECN1), depletion of SQSTM1/p62 or inhibiting TG2 by means of the proteostasis regulator cysteamine, can rescue F508del-CFTR expression at the PM and restore its function in human bronchial epithelial cell lines, in primary nasal cells from F508del CF patients, as well as *in vivo* in transgenic mice bearing the equivalent of the F508del mutation^[@bib24],\ [@bib25]^ ([Figure 3](#fig3){ref-type="fig"}). As a consequence, cysteamine reduces lung inflammation and prevents the juvenile over-mortality of F508del-CFTR mice due to intestinal obstruction.^[@bib35]^ Cysteamine effects on PM expression of F508del-CFTR last 24 h beyond its washout.^[@bib25],\ [@bib35]^ Moreover cysteamine effects on lung inflammation persist for several days following its withdrawal.^[@bib35]^ These results suggest that cysteamine can both rescue and stabilize F508del-CFTR protein at the PM and that targeting autophagy may help circumventing the CFTR defect^[@bib35],\ [@bib36]^ In addition, autophagy stimulation by rapamycin or SQSTM1/p62 depletion restores bacterial killing by F508del-CFTR macrophages.^[@bib27],\ [@bib28],\ [@bib29],\ [@bib30]^ Recently, Romani et al. reported that the naturally occurring polypeptide thymosin *α*1 is endowed with a dual ability to control inflammation and rectify the functional defects of F508del-CFTR through restoring autophagy, both in F508del-CFTR homozygous mice and human bronchial epithelial cells.^[@bib78]^

Altogether these results suggest that stimulation of autophagy may improve CF caused by the frequent F508del-CFTR mutation.

### Proteostasis modulators that target the phosphoproteome

CFTR channel function is deeply influenced by its phosphorylation status (reviewed in ref. [@bib33]). The open probability of CFTR channel is increased by the protein kinase A (PKA)-mediated phosphorylation of the R domain.^[@bib12],\ [@bib33]^ Other kinases can favor CFTR opening (as exemplified by cGMP-dependent protein kinase SRC and prolin-rich tyrosine kinase PYK2),^[@bib79]^ inhibit CFTR channel activity (AMP-dependent protein kinase, AMPK, and lemur tyrosine kinase, LMTK2)^[@bib80]^ or exert a dual activity on its function (PKC).^[@bib33]^ Beyond these direct phosphorylation reactions affecting channel function, a wide array of kinases influence CFTR traffic, stability and function.^[@bib33]^ Among others, a crosstalk between spleen tyrosine kinase (SYK) and the with-no-lysine (WNK) protein kinases can regulate CFTR trafficking to the PM, as well as PM residence. More importantly, the master kinase protein kinase CK2 (CK2) phosphorylates CFTR and regulates CFTR biogenesis at multiple levels in a hierarchical synergy with SYK.^[@bib80]^ The interplay between CK2 and CFTR is bilateral in thus far that CK2 stimulates proteolytic CFTR degradation and the resulting CFTR fragment allosterically activates CK2, hence closing a positive feed forward loop.^[@bib81],\ [@bib82],\ [@bib83]^ Accordingly, CX-4945, a selective CK2 inhibitor, stabilizes F508del-CFTR protein at the PM following rescue by cysteamine.^[@bib35]^ The search of natural compounds that act similarly as CX-4945 led to the discovery of the over-the-counter nutraceutical epigallocatechin-gallate (EGCG) as a CK2 inhibitor. Similarly to CX-4945, EGCG stabilizes F508del-CFTR at the PM for up to 48 h following cysteamine washout in primary nasal epithelial cells from F508-CFTR homozygous and compound heterozygous patients.^[@bib35]^ EGCG also prolongs the beneficial effects of cysteamine for several weeks in F508del-CFTR homozygous or F508del/null CFTR mice.^[@bib35],\ [@bib36]^ Two open-label phase 2 trials in F508-CFTR homozygous and compound heterozygous patients demonstrated that sequential treatment with cysteamine and EGCG significantly decreased sweat chloride concentrations and reduced airway inflammation.^[@bib35],\ [@bib36]^ Thus, combinations of distinct proteostasis regulators may be efficient against CF. Future research will establish optimal combinations and treatment schedules for such proteostasis regulators.

CFTR-centric strategies versus proteostasis modulators: two apparently antinomic views
--------------------------------------------------------------------------------------

Two major differences oppose proteostasis modulating strategies and CFTR-centric strategies (i.e., correctors and potentiators). First, proteostasis modulation is likely to have a broader action than CFTR correctors and potentiators because the latter directly interact with specific CFTR mutants. Secondly, the effects of proteostasis regulators strictly rely on the cellular mechanisms through which they indirectly rescue CFTR mutants. An interesting example is offered by cysteamine that restores a functional F508del-CFTR only in an autophagy-competent context.^[@bib36]^ Whether correctors and potentiators remain active in conditions of suppressed autophagy has not been determined, yet may be expected from their mode of action.

These two major differences in the mode of action between proteostasis regulators and CFTR-targeting molecules, suggest that these two *a priori* antinomic approaches may complement one another, thus giving rise to new combination regimens.

Strategies for Preclinical Validation of Candidate Drugs
========================================================

Recent clinical trials with CFTR correctors, alone or in combination with Ivacaftor, in patients bearing the F508del-CFTR mutation, raise more questions than answers. The translation of investigational drugs into clinical application revealed a major difference between the promising effects observed in cultured cells and rather modest effects in patients.^[@bib53],\ [@bib54]^ Phase 3 clinical studies with combined theraphy^[@bib54]^ did not include F508del-CFTR rescue as a primary or secondary endpoint, leading to the paradoxical situation that biomarkers used to measure efficacy in cells and in patients are not the same.

Logically, preclinical models should be as close a possible to the clinical setting and feasibility should be a requirement for validation tests in large-scale screenings.^[@bib36],\ [@bib84],\ [@bib85],\ [@bib86],\ [@bib87],\ [@bib88]^ Indeed, the higher the number of compounds to be tested, the faster the screening procedure should be ([Box 3](#bx3){ref-type="boxed-text"}). In addition, translational medicine requires pre-clinical validation of drug candidates *in vivo* in appropriate animal models of disease^[@bib89],\ [@bib90],\ [@bib91],\ [@bib92],\ [@bib93]^ ([Box 3](#bx3){ref-type="boxed-text"}).

Strategies for Personalization of CF Treatments
===============================================

Even patients bearing exactly the same *CFTR* genotype may differ in their clinical response to experimental treatments, calling for patient-centered (rather than mutation-centered) approaches to therapy. The emerging paradigm of precision medicine posits that clinical development requires novel ways of testing interventions that focus on individual responses (N-of-1 clinical trials), rather than average responses of a cohort of patients. Testing the individual responsiveness to candidate drugs requires objective and measurable indicators of drug efficacy^[@bib94]^ that support clinical management.

Intermediate clinical evaluations (like the frequency of respiratory exacerbations or the need for antibiotics) or late clinical endpoints (like performance and survival) are usually anticipated by established 'surrogate' end-points of efficacy, such as spirometric measurements including FEV~1~% predicted or the lung clearance index.^[@bib95],\ [@bib96]^ However, such spirometric parameters are subjected to high inter- and intra-individual variability^[@bib96]^ and constitute relatively late indicators of efficacy. For this reason, measurable early biochemical/functional biomarkers are needed.

As recommended by the European Cystic Fibrosis Society (ECFS) Clinical Trial Network, biomarkers should be reliable, feasible, reproducible and clinically/biologically relevant with minimal risk/discomfort to patients.^[@bib94]^ The ideal biomarker(s) should help trial management at two levels. First, biomarkers should predict the responsiveness of an individual patient to candidate drugs before treatment, and hence influence the decision whether to treat or not. Second, they should also monitor early treatment responses before late long-term clinical benefits become evident, and hence affect the decision whether to (dis)continue the treatment. Ideally, the same biomarker(s) should fulfill both needs ([Box 4](#bx4){ref-type="boxed-text"}).

Futures studies should aim at the large-scale validation of the most reliable, feasible and affordable biomarker (or combination of biomarkers) that accurately predicts clinical endpoints.

Clinical Evaluation: The Reality Check
======================================

Mutation-specific therapies require different approaches for distinct classes of CFTR variants. Read-through agents are useful for patients bearing class I CFTR mutations. A phase 3 trial during which Ataluren was administered for 48 weeks revealed that Ataluren lowered the decline in lung function only in the subgroup of patients who did not receive the inhaled aminoglycoside tobramycin.^[@bib97]^ As a result, new phase 3 trials excluding patients who inhale aminoglycosides have been launched (<https://clinicaltrials.gov/show/NCT02139306,2014>; ClinicalTrials.gov, <https://clinicaltrials.gov/ct2/show/NCT02456103>, 2015; Table 2). However, it has been recently announced that these trials failed to achieve primary and secondary endpoints.^[@bib98]^ Thus, clinical development of Ataluren for CF has been discontinued.

The era of mutation-specific therapies truly started with the FDA and EMA approval of the CFTR potentiator Ivacaftor in patients at different ages and clinical conditions bearing at least one copy of G551D or some other class III mutation.^[@bib46],\ [@bib47],\ [@bib99],\ [@bib100],\ [@bib101]^ Ivacaftor fulfills all requirements of CFTR repairing therapies as it: (i) corrects the CFTR defect *in vivo* (as indicated by the fact that it decreases sweat chloride below 50 mmol/l, i.e., to the normal range); (ii) increases the ppFEV~1~ as an objective parameter of respiratory function and reduces pulmonary exacerbations; and (iii) improves nutritional status and the overall quality of life.^[@bib102]^ Post-marketing studies confirm long-term drug-dependent clinical benefits.^[@bib100]^ Although rather expensive,^[@bib103]^ Ivacaftor exemplifies an etiological therapy that is useful for approximately 10% of CF patients. However, Lumacaftor, which efficiently corrects deficient F508del-CFTR expression *in vitro*^[@bib59]^ yielded rather modest effects on sweat chloride and a negligible improvement of lung function in patients^[@bib104]^ A combination of Lumacaftor and the potentiator Ivacaftor (Orkambi) was tested in a phase 2 study^[@bib53]^ and then in two double-blind placebo-controlled phase 3 clinical trials, in patients homozygous for the F508del-CFTR mutation.^[@bib54]^ Nevertheless, the effects of the sweat test (or other direct measurements of CFTR function) were not disclosed.^[@bib54]^ Pooled data analysis revealed a significant, though modest increase of the ppFEV~1~ (2.6--4.0%) at week 24 and a 30--40% reduction in the number of pulmonary exacerbations, as defined by the need of additional antibiotics.^[@bib103]^ However, based on the CF Questionnaire-Revised (CFQ-R) there was no significant improvement of the quality of life.^[@bib105]^ It can be speculated that the marginal improvement of lung function without subjective benefits and without an objective increase in CFTR function, could reflect an 'off-target' effect of the combination regimen. Indeed, symptomatic treatments with the antibiotic azithromycin or recombinant human deoxyribonuclease I (Dornase alfa) can improve ppFEV~1~ (ref. [@bib106]), indicating that even agents that do not improve CFTR function may have some impact on lung function. In spite of its limitations, the combination of Lumacaftor and Ivacaftor has been approved for the treatment of F508del-CFTR homozygous patients aged ≥12 years in several countries.^[@bib10]^ Recently, a phase 3 extension study (72--96 weeks; PROGRESS) showed a slower rate of ppFEV~1~ decline than in matched registry cohort.^[@bib107]^

New CFTR correctors are being developed by several companies. Ongoing phase 2--3 clinical trials are evaluating the efficacy and safety of combination of the corrector VX-661 with Ivacaftor (ClinicalTrials.gov,<https://clinicaltrials.gov/>.). These studies include hundreds of patients bearing F508del-CFTR in homozygosis or in composite heterozygosis with a mutation resulting in minimal or residual CFTR function or gating defects (Table 2). New CFTR potentiators are also being tested in phase 1 and 2a clinical trials in combination with CFTR correctors. Recently, Vertex has announced a phase 1 study to evaluate the triple combination of VX-661 with two next generation correctors, VX-152 (ClinicalTrials.gov,<https://clinicaltrials.gov/show/NCT02951195>; 2017) and VX-440 (Table 2).

Proteostasis regulators have emerged as an alternative strategy for F508del-CFTR repair. An orally available inhibitor of S-nitrosoglutathione reductase (GSNOR), N91115, that stabilizes F508del-CFTR through targeting the Hsp70/Hsp90 organizing protein,^[@bib70]^ is in phase 2 clinical trials in combination with Orkambi (NCT02589236) or with Ivacaftor (NCT02724527) in patients bearing F508del-CFTR or gating mutations, respectively (Nivalis Therapeutics). In addition, the soluble guanylate-cyclase stimulator riociguat (BAY63-2521, Bayer), which exhibits CFTR corrector activity,^[@bib10]^ is being orally administered to F508del-CFTR homozygotes in a multicenter randomized phase 2 clinical trial (<https://clinicaltrials.gov/>) (NCT02170025). Similarly, the selective inhibitor of cGMP-dependent phosphodiesterase-5, sildenafil, a repurposed drug, has been tested in a phase 2 study (NCT00659529) in homozygous adults F508del-CFTR for safety and efficacy^[@bib108]^ ([Table 1](#tbl1){ref-type="table"}). Two open-label clinical trials^[@bib35],\ [@bib36]^ tested safety and efficacy of a combination of two proteostasis regulators, the repurposed drug cysteamine and the nutraceutical EGCG, that restore defective autophagy and inhibit CK2, respectively, in \~40 patients bearing F508del-CFTR or other class II CFTR mutations, either in homozygous or compound heterozygous form with class I mutations.^[@bib36]^ In spite of the open-label study design and the small sample size, the treatment restored CFTR function (as measured both in sweat and nasal cells), that correlated with a decrease in pulmonary inflammation, and tended to improve FEV~1~ ([Box 4](#bx4){ref-type="boxed-text"}, [Table 1](#tbl1){ref-type="table"}). The reported mucolytic and antibacterial effects of cysteamine^[@bib109],\ [@bib110]^ ([Box 1](#bx1){ref-type="boxed-text"}) might contribute to clinical benefit.

Heterogeneity in the therapeutic response rate characterizes CF and makes the interpretation of clinical trials problematic. There is general consensus that a personalized approach to treatment is required and that pre-selecting appropriate endpoints and biomarkers is crucial.^[@bib94]^ Nonetheless, personalized approaches to treatment are still absent from most clinical trials that rather rely on the analysis of pooled data from large patient cohorts. The recent clinical trial with cysteamine and EGCG^[@bib36]^ exemplifies the possibility to evaluate multiple biomarkers reflecting *in vitro*, *ex vivo* and *in vivo* responses on an individual, patient-by-patient basis ([Box 4](#bx4){ref-type="boxed-text"}). Future clinical trials might be designed in a way that patients can be preselected for inclusion in the trial based on the reactivity of their cells to CFTR repair *in vitro*.

Concluding Remarks
==================

The approval of Ivacaftor for clinical use in CF patients with gating mutations has been a major breakthrough, demonstrating that the development of etiological cures is an achievable goal. Nonetheless, it appears clear that the clinical utility of Ivacaftor is limited to a small fraction of \~10% of CF patients, meaning that the largest segment of the CF population still awaits an etiological cure. Unfortunately, the most common CFTR mutant, F508del-CFTR is afflicted by a multifaceted defect that complicates drug discovery, likely because no single drug is able to accomplish the complete rescue of this mutant by a multipronged action. CFTR is at the center of an intricate network of regulatory systems, thus constituting the pivot of a wider landscape that amply transcends the mono-molecular vision of disease etiology. Strategies aiming at targeting the cellular environment perturbed by the CFTR defect have emerged. To date, these strategies are still considered alternative, and somehow antinomic, to CFTR modulators (correctors and potentiators) that are designed to specifically interact with the defective CFTR protein. However, accumulating evidence clearly indicates that targeting major systems of cellular proteostasis, including autophagy, the phosphoproteome and the chaperone machinery, can improve traffic and PM stability of F508del-CFTR in preclinical models and in patients. Thus, these apparently incompatible strategies may actually be complementary. Indeed, it can be hoped that variable combinations of CFTR modulators and proteostasis regulators will configure the authentic etiological CF therapy that can be adapted to each individual patient's needs. Future will tell whether such an etiological procedure for CF management will entail the expected reduction of symptomatic treatments, ultimately reducing the cost of CF treatment.

Beyond the obvious challenge to discover drugs (or drug combinations) that have an optimal effect on representative cell types afflicted by the F508del-CFTR mutation, it will be of the utmost importance to define an effective path leading from preclinical discovery to clinical implementation. Thus, a major conundrum in CF is the high individual variability in the response rate---even for patients sharing the same CFTR mutation---which obviously complicates the analysis of pooled data in clinical trials and increases the risk of failures in drug development. We believe that appropriate biomarkers will influence the decisions whether a given patient should be included in, and stay on, a trial, thereby improving the chances of successful CF drug development. Such biomarkers might include short-term cultures of patient-derived cells (such as respiratory epithelial cells or blood monocytes), followed by biochemical and functional measurements that directly assess CFTR expression and activity, respectively. Such measurements could be done on cells that are treated with the candidate drug *in vitro* (before the inclusion of the patient in the trial) or have been exposed to such drugs *in vivo* (after initiation of the trial, to evaluate their potential response). Alternatively, CFTR function may be directly measured *in vivo*, for instance by using the diagnostic sweat test. This biomarker-based procedure may lead to a more sophisticated patient stratification, beyond mere CFTR genotyping, thus improving the design of clinical trials and in fine truly personalizing CF therapy.
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**Glossary**

**Autophagy:** A lysosomal pathway of degradation of cytoplasmic material that has previously been sequestered in autophagosomes.

**Ubiquitin Proteasome Pathway (UPP):** A complex mechanism for protein catabolism of unneeded or damaged proteins in the mammalian cytosol and nucleus by breaking peptide bonds, affectinga wide variety of cellular processes and substrates.

**Proteostasis:** A homeostatic system also termed proteostasis network that responds to multiple cell perturbations, bethey genetically determined or acquired.

**High Throughput screening (HTS):** An automated method that rapidly assesses the biological or chemical activity of a large numberof drug-like compounds.

**Corrector:** A small molecule that rescues the expression of misfolded CFTR (e.g., F508del) and allows its transport to the cell surface.

**Potentiator:** A small molecule that improves the ion transport activity of CFTR at the cell membrane.

**Proteostasis regulator:** A molecule that restores a functional proteostasis network.

**Nasal brushing:** A method to obtain respiratory epithelial cells from the nasal cavities using a cotton swap.

**Intestinal organoids:** A novel method that allows long-term cultureof isolated intestinal crypts or intestinal stem cells.

**Adeno-associated virus:** A small virus that infects humans and some other primate species.

**Nonsense mutation:** A pointmutation in a sequence of DNA that results in a premature stop codon, or a nonsense codon, in the transcribed mRNA, and hence in a truncated, incomplete, and usually nonfunctional protein product.

**Missense mutation:** Change of a single base pair in DNA causing the substitution of one amino-acid residue by another one in the resulting protein.

**Frameshift mutation:** A mutation involving the insertion or deletion of a number of nucleotides that is not divisible by three.

**Mouse model:** A laboratory mouse used to study some aspects of human physiology or disease.

**Exacerbation:** An increase in severity of a condition usually used to imply a worsening of the state of the chest in CF.

**Airway clearance techniques:** Methods used to assist with secretion removal.

**Sweat test:** The diagnostic test for CF that measures the concentration of salt (sodium and chloride) in sweat.

**Lung clearance index (LCI):** Measure of lung physiology derived from multiple breath washout tests.

**Mucociliary clearance of the respiratory tract:** An important defense mechanism against inhaled pathogens.

**Personalized medicine:** Emerging practice of medicine that uses an individual's genetic profile to guide decisions made in regard to the prevention, diagnosis, and treatment of disease.

Edited by M Piacentini

LM, VR and GK are listed as inventors of a patent that protects the use of cysteamine for CF treatment.

![Classes of CFTR gene mutations. (**a**) Epithelial cells bearing wild-type CFTR. CFTR traffics from the endoplasmic reticulum (ER) to the Golgi apparatus (GA) and finally to the plasma membrane. (**b**) Impact of different classes of CFTR mutations (numbered 1--6) on synthesis, trafficking and function of CFTR. Class I mutations include nonsense, frameshift and splicing variants that prevent CFTR biosynthesis by creating in-frame stop signals (premature termination codons, PTCs) that generate a mechanism of mRNA surveillance, the nonsense-mediated decay. This causes premature arrest of translation and accelerated mRNA decay, thus reducing or abolishing the production of CFTR protein. The most common class I mutations are G542X in Mediterranean countries, R1162X and W1282X in Ashkenazy Jews. Class II mutations cause retention of misfolded proteins at the ER by local quality control mechanism. This is followed by premature ubiquitination and degradation of the misfolded protein, hence preventing its trafficking to the PM.^[@bib2],\ [@bib12]^ F508del affects the region of NBD1 crucial for the interdomain interaction with ICL4 of MSD2, thereby causing changes in the loop configuration between residues 509--511 with consequent topography changes of NBD1 surface.^[@bib8],\ [@bib12]^ Small amounts of F508del-CFTR can reach the PM, where the CFTR mutant protein manifests poor stability and defective gating.^[@bib12],\ [@bib13]^ Class III mutations are compatible with the synthesis and trafficking of CFTR mutants to the PM, but impair conduction and permeation properties of the channel. G551D, the third most common CFTR mutation accounting for 4--5% of CFTR mutations worldwide, is located in NBD1 at the ATP-binding site 2, thus affecting ATP binding and hydrolysis, and mostly the conformational changes subsequent to ATP binding that favour channel gating.^[@bib4]^ In spite of some differences, both G551D and G1349D, a mirror image of G551D at ATP-binding site 1, decrease the duration of channel openings and hence prolong closure periods. Class IV mutations, located mostly in the MSDs, including R117H in MSD1 \[M2\] and R334W or R347P in MSD1 \[M6\], perturb anion flow through reducing the single-channel conductance of CFTR. In these mutants, the cAMP-stimulated Cl^−^ current is greatly reduced as compared to wild-type CFTR (up to 70% for R334W) by perturbing ion-ion interaction whit in the CFTR pore.^[@bib4]^ Class V mutations reduce protein synthesis. They include mutations that promote alternative splicing with generation of aberrant mRNA transcripts and reduced amounts of normal mRNA transcripts, as well as mutations in the promoter that reduce gene transcription.^[@bib4]^ Class VI mutations destabilize CFTR at the PM and compromise its half-life, either by favoring CFTR disposal by endocytosis or by impairing its recycling to the PM.^[@bib4]^ An additional class of mutations causing large deletions, named class VII**,**^[@bib63]^ has been proposed to categorize untreatable mutations](cdd2017126f1){#fig1}

![Manipulating the cellular quality control (QC) systems to circumvent F508del-CFTR defect. (**a**) ERQC checkpoints. Major ERQC checkpoints test whether CFTR is eligible for ER exiting.^[@bib12],\ [@bib34]^ ERQC1: chaperone trap. Nascent F508del-CFTR polypeptide chains interact the Hsp70/Hsp40 chaperone/co-chaperones that regulate, together with Hsc/Hdj-2 system, the early stages of the folding process.^[@bib144]^ Hsp90 and its co-chaperones Aha1, which strongly interacts with F508del-CFTR, and FKP8 manage later stages of CFTR folding.^[@bib69],\ [@bib145]^ Recruitment of the the Ub-ligases and ubiquitin adaptor proteins, as the E3 Ub ligase CHIP, E2 enzyme UbcH5, Derlin-1, E2 ligase Ubc6e or Gp78, leads to F508del ubiquitination and proteasome degradation.^[@bib12]^ The Hsp70 co-chaperone Bag-1 can assist CFTR folding. ERQC2: calnexin cycle. Small amounts of F508del that escape ERQC1, can undergo glycan-mediated ER associated degradation (GERAD) in the chaperone/lectin cycle of calnexin which strongly binds F508del-CFTR.^[@bib12]^ ERQC3 and ERQC4: ER exit. Either exposure of arginine-framed tripeptides (AFTs) ER-retention motifs^[@bib146]^ or disruption of positive cargo signals (di-acidic code, DAD motif) in NBD1 compromise ER exit, Sec24-mediated packaging of CFTR into coat protein (COP) II-coated vesicles and CFTR transport to the Golgi.^[@bib147]^ Moreover, alternative routes of CFTR transport (unconventional secretory pathways), either COPII-independent or bypassing Golgi through syntaxin 13 (ref. [@bib148]) or through GRASPs^[@bib149]^ may deliver CFTR to the plasma membrane. Potential ERQC-targeted interventions to prevent CFTR degradation are indicated by dashed red lines and box: (i) depleting Aha1 (ref. [@bib69]); decreasing HOP by GNSOR inhibitors;^[@bib70],\ [@bib71]^ overexpressing Bag-1 (ref. [@bib150]); decreasing Hsp70/CFTR interaction by Corr-4a;^[@bib57]^ (ii) antagonizing CFTR ubiquitination by USP19 or soluble UCH-L1 (ref. [@bib151]). (**b**) Peripheral QC system**.** Additional QC mechanisms check F508del-CFTR at the PM (PQC). Chaperone/co-chaperones (including Hsc70/Hsp70/Hsp90, HOP, Hdjs, Aha1, CHIP and Bag-1), Ub-ligases and several adaptor proteins, including the assembly polypeptide-2 (AP-2), lead to the incorporation of poly-/multiple-mono ubiquitinated F508del-CFTR into clathrin-positive vesicles.^[@bib13],\ [@bib152],\ [@bib153],\ [@bib154]^ Endocytosis. Clathrin-mediated endocytosis is facilitated by Myosins Vb/VI and Rab small GTPases, which orchestrate the fusion of early endocytic vesicles (mainly through Rab5), PM recycling (Rab4 or Rab11), sorting to late endosomes (Rab7), transport back to TGN (Rab9 and/or Rab11). Instead of being recycled to the PM, the unstable ubiquitinated F508del-CFTR is rapidly sorted to the late (Rab7 positive) endosomes and lysosomes.^[@bib12],\ [@bib155]^ CFTR anchoring: Up to 50% of CFTR pool is anchored to F-actin filaments^[@bib156]^ through several PDZ proteins including NHERF-1, ezrin/radixin/moesin (ERM) and annexin 5A.^[@bib23],\ [@bib157],\ [@bib158]^ RhoA, Rac1 and Cdc42 GTPases modulate actin cytoskeleton reoganization and NHERF-1 binding thus regulating F508del-CFTR thetering and PM stability.^[@bib159]^ Potential PQC-targeted interventions to stabilize F508del-CFTR and prevent PM disposal are indicated by dashed red lines and box: (i) CHIP or Aha1 ablation;^[@bib13],\ [@bib69]^ (ii) USP 10 overexpression;^[@bib151]^ (iii) NHERF-1 overexpression, which stimulates RhoA, ROCK, Rac1 signaling, ezrin phosphorylation, tight-junction organization;^[@bib159]^ manipulation of cytocheratyn-8/F508del-CFTR association;^[@bib160]^ modulation of Rac1 signaling through HGF, which enhances the rescuing efficacy of CFTR correctors corr-4a and VX-809 (ref. [@bib161]). Hsp, heath shock protein; Hsc, heat shock cognate protein; Aha1, Hsp90 co-chaperones activator of Hsp90 ATPase homolog 1; HOP, Hsp70/Hsp90 organizing protein; GSNOR, S-nitrosoglutathione reductase; Bag-1, Bcl-2- associated athanogenes; Ub, ubiquitin; USP, ubiquitin protease; SAHA, suberoylanilide hydroxamic acid; CHIP, Carboxy-Terminal of Hsp70 Interacting Protein; GRASP, Golgi Re-assembling and Stacking Protein; AFT, four arginine-framed RXR tripeptides; NHERF-1, Na+/H+ exchanger regulator factor isoform-1; ROCK, RhoA-activated kinase; HGF, Hepatocyte Growth Factor; ESCRT, endosomal sorting complex required for transport; MVB, multivesicular bodies](cdd2017126f2){#fig2}

![Defective autophagy impacts on most F508del-CFTR quality control checkpoints. (**a**) Defective CFTR induces ROS-mediated TG2 activation. ROS-induced PIASy-mediated TG2 SUMOylation sustains Ca^2+^-dependent TG2 activation leading to crosslinking and aggregation of substrate proteins, including PPARγ and IKB*α*^[@bib31],\ [@bib32]^. Most TG2 interactor proteins are molecular chaperones which impact on CFTR processing.^[@bib73]^ (**b**) TG2 activation disables autophagy. Activated TG2 crosslinks BECN1 and dislodges the phosphatidyl-inositol-3-kinase complex 3 (PI3KC3) away from the ER, thus inhibiting autophagosome formation and disabling autophagy. Defective autophagy induces accumulation of the autophagic substrate SQSTM1/p62, that targets ubiquitinated proteins, including F508del-CFTR, leading to proteasome overload and sequestration of aggregated proteins within HDAC6+/SQSTM1+ aggresomes.^[@bib24]^ (**c**) Accumulation of SQSTM1/p62 at the PM favors F508del-CFTR disposal. SQSTM1/p62, a critical regulator of internalization, trafficking and sorting of ubiquitinated surface proteins, accumulates at the epithelial surface, binds PM-located ubiquitinated F508del-CFTR and colocalizes with mutant CFTR within enlarged early endosomal antigen (EEA) 1^+^ vesicles.^[@bib24],\ [@bib26]^ (**d**) Sequestration of PI3KC3 impairs endosomal trafficking. The sequestration of PI3KC3 reduces the abundance of phosphatidyl-inositol-3-*Phosphate* (PtdIns3*P*) at the EEA1^+^ endosomes, thus impairing endosomal fusion/maturation, and hence CFTR recycling. The PI3KC3 sequestration reduces the availability of the BECN1-interactor UVRAG that interacts with the HOP complex, thus recruiting and activating Rab7 and favoring Rab5 to Rab7 transition.^[@bib162]^ Moreover, SQSTM1/p62 targeting reduces Rab5 levels at the EEA1^+^ vesicles.^[@bib22],\ [@bib24]^ Defective autophagy compromises CFTR recycling through Rab11+ vesicles and diverts CFTR recycling to lysosomal degradation. Moreover, it impairs Rab5-Rab7 transition, thus delaying CFTR trafficking to the late endosomes.^[@bib22],\ [@bib24],\ [@bib25]^ Potential targeted interventions to circumvent F508del-CFTR defect are indicated by dashed red lines and box. (i) TG2 depletion or inhibition by cysteamine or (ii) BECN1 overexpression can re-establish autophagy flux, increase PI3*P* availability and prevent SQSTM1/p62 accumulation, thus ultimately favouring F508del-CFTR rescue and PM stability. (iii) direct SQSTM1/p62 depletion or the enforced expression of SQSTM1/p62 mutants lacking the UBA domain, increases F508del-CFTR PM stability and autophagy flux.^[@bib22],\ [@bib24],\ [@bib25]^ BECN1, Beclin 1; SQSTM/p62, sequestrosome 1; ROS,reactive oxygen species; TG2, transglutaminase 2; *UVRAG*, UV-irradiation-resistant-associated-gene](cdd2017126f3){#fig3}

###### Conventional and emerging symptomatic therapies

![](cdd2017126t1)

###### Emerging symptomatic therapies

Symptomatic therapies of CF include repeated courses of systemic and topical antibiotics, mucolytics (e.g., dornase-alpha), airway hydrators (e.g., hypertonic saline, mannitol), anti-inflammatory drugs, mechanical airway clearance techniques, pancreatic replacement enzymes, and supplementation of lipophilic vitamins.^[@bib111]^ Recently cysteamine, a repurposed drug^[@bib35],\ [@bib36]^ that can be administered orally or by inhalation, has been shown to possess mucoactive, antibiofilm and antibacterial properties against *Pseudomonas aeruginosa* and biofilms formed by *Burkholderia cepacia*.^[@bib109]^

Oral, intravenous or inhaled antibiotics are used to control acute exacerbations and chronic infection as well to prevent recurrent bacterial lung infections.^[@bib111]^ A phase 2, multicenter, randomized controlled study is assessing the efficacy of intravenous gallium (which has activity against *P. aeruginosa*) on adults with CF (<https://www.cff.org/Our-Research/Clinical-Trials/Clinical-Trials-Happening-Now/Current> and upcoming CFFT approved clinical trials 2015; <https://www.cff.org/Our-Research/Clinical-Trials/Clinical-Trials-Happening-Now/>, 2015). New aerosolized antibiotics^[@bib112]^ and faster dry powder antibiotic formulations^[@bib113],\ [@bib114]^ have been tested in several clinical trials. New appealing antibiotics as liposomal amikacin,^[@bib115]^ inhaled quinolones^[@bib116]^ and fosfomycin/tobramycin combination^[@bib117]^ are being evaluated in clinical trials. *De novo* engineered cationic antimicrobial peptides aim at preventing biofilm formation by *Pseudomonas aeruginosa* in chronic infection.^[@bib118]^

Since defective CFTR anion channel activity causes abnormalities in airway surface liquid (ASL), aerosolized mucolytics^[@bib119]^ and osmotic agents^[@bib120]^ are used to treat CF pulmonary disease.^[@bib121],\ [@bib122]^ In addition, compounds that reduce hyperactivation of the epithelial sodium channel (ENaC, which mediates Na^+^ absorption)^[@bib123]^ thus correcting abnormal ASL and reducing mucus thickness are in development. A new chemical ENaC inhibitor (P-1037) is in phase 2 (ClinicalTrials.gov, <https://clinicaltrials.gov/ct2/show/NCT02343445>; 2015; [Table 1](#tbl1){ref-type="table"}). Similarly, an ENaC-targeting oligonucleotide encapsulated in lipid nanoparticles (GSK2225745) is in development.^[@bib124]^ To restore water and electrolyte balance in CF airways, the calcium-activated chloride channel (CaCC) anoctamin 1 (ANO-1, also known as TMEM16A) and the essential component of the outwardly rectifying chloride channel ANO-6 (TMEM16F) are also being targeted.^[@bib125]^ Another therapeutic option is the correction of the acidic pH^[@bib126]^ in CF airways by means of aerosolized bicarbonate or other buffering agents such as tromethamine. Recently, tromethamine alone or in combination with hypertonic saline (7% NaCl) has been proven to enhance bacterial killing in CF sputum.^[@bib127]^

Other symptomatic treatments include dietary recommendations, supplementation of lipophilic vitamins and enzymes that counteract lipid malabsorption.

###### Multiple F508del-CFTR defects require combination of different correctors and potentiators

Due to its intrinsic conformational defect, F508del-CFTR protein is detected by the endoplasmic reticulum (ER) quality control and destroyed before its exit from the ER ([Figure 2](#fig2){ref-type="fig"}). Given the complexity of F508del-CFTR processing, it is not surprising that the repair of F508del-CFTR is much more difficult to achieve than that of other CFTR variants with pure gating defects.^[@bib34]^ The intrinsic thermodynamic and kinetic instability of F508del-NBD1 is largely, but not completely, corrected by the simultaneous stabilization of NBD1 energetics and NBD1-MSD2 interface in genetic revertants, i.e., second-site mutations, that lead to synergistic rescue of F508del-CFTR folding and function.^[@bib9],\ [@bib61],\ [@bib128],\ [@bib129]^ Single correctors may have a modest effect on F508del because they fail to target all the multiple folding defects. Thus, combinations of two or more compounds are likely to be required to fully restore the expression of F508del-CFTR.^[@bib59]^ An aminothiazole improves the effects of VX-809 through a mechanism that requires NBD2.

The systematic investigation of possible synergies between the CFTR corrector VX-809 and some other previously identified correctors (VX-325 or Corr-4a), culture at low-temperature (26--30 °C) and genetic revertants, was implemented to decipher the mode of action of compounds that target distinct portions of the F508del-CFTR protein. VX-809 targets the NBD1:TMD1 interface and VX-325 the NBD1:NBD2 interaction, while Corr-4a^[@bib57]^ likely acts through stabilizing the core-glycosylated F508del protein at the ER level.^[@bib61]^ The corrector Corr-4a likely stabilizes the F508del-CFTR folding intermediates upon VX-809 treatment. Bali *et al.*,^[@bib130]^ explored the efficacy of a triple combination of VX-809, Corr-4a and VX-770, showing that the posttranslational stabilization of Band B of F508del-CFTR by Corr-4a avoids the destabilizing effect of VX-770 (ref. [@bib51], [@bib52]), which otherwise increases the turnover of both CFTR Bands B and C, after rescue by the cotranslationally acting VX-809. Based on *in vitro* and *in vivo* processing experiments coupled to in silico docking analysis, Okiyoneda *et al.* proposed that CFTR correctors may be classified in three distinct classes that can synergize among each other for optimal F508del rescue. The class-1 correctors, including VX-809, preferentially target the primary conformational defect of NBD1-MSD1 (CL1) and NBD1-MSD2 (CL4) interfaces, while class-2 correctors target the resulting NBD2 misassembly.^[@bib60]^ In addition, chemical chaperones, as glycerol or myo-inositol, but none of the tested correctors, can stabilize F508del-NBD1, thus acting as class-3-like correctors.^[@bib60]^ In synthesis, a structure-guided combination of different classes of correctors may target the multifaceted defect of F508del-CFTR mutant. Small molecules capable of stabilizing CFTR (CFTR stabilizers; [Figure 2](#fig2){ref-type="fig"}) might be added to cocktails of correctors and potentiators for optimal rescue of F508del-CFTR.

###### Preclinical validation of candidate drugs

***In vitro* and *ex vivo* testing of candidate drugs**

Heterologous expression systems (in which the mutant *CFTR* gene is introduced into cancer cell lines) should progressively be replaced by patient-derived primary culture models.^[@bib84]^ The assessment of CFTR ion channel function in Ussing chambers followed by biochemical detection of mature CFTR protein in primary long-term cultures of bronchial (HBE) or nasal scrapings from CF donors, likely constitutes the best tool to test drug candidates.^[@bib62],\ [@bib85]^

Primary intestinal organoids obtained by suction rectal biopsies from CF patients might fulfill this task. Rectal organoids can be indefinitely grown and expanded as they contain stem cells, allowing a continuous source of patient-derived biological samples. In response to the cAMP-elevating compound forskolin, organoids obtained from normal subjects swell, while those from CF patients fail to do so.^[@bib86]^ Measuring the magnitude of swelling of cultured organoids hence may be used in medium- and high-throughput screening programs.^[@bib86]^ Nonetheless, the responses of epithelial scrapings from CF donors to *in vitro* treatments are afflicted by high variability^[@bib87]^ and, if such cells have been long-term cultured *in vitro*, they are unlikely to reflect the 'actual' disease state of CF patients.

Short-term *ex vivo* cultures of freshly isolated nasal cells constitute a useful tool for predicting the responsiveness of individual patients to candidate drugs.^[@bib35],\ [@bib36]^ In this model, fluorescence-based measurements of CFTR function, biochemical detection of PM resident mature CFTR, as well as the assessment of pathogenic and inflammatory biomarkers can predict drug efficacy *in vivo*.^[@bib35],\ [@bib36]^ In addition, several reports suggest that freshly drawn blood monocytes may be used to assess the efficacy of test compounds with respect to CFTR rescue.^[@bib88]^ It will be important to systematically compare the response of distinct cell types to pharmacological CFTR rescue to the clinical effects observed in the patients from which cells have been obtained.

**Pre-clinical validation of drug candidates *in vivo*: mouse models of cystic fibrosis**

Many transgenic mouse models of CF have been generated. However, 'CF mice' do not recapitulate the clinical manifestations of CF lung disease,^[@bib89],\ [@bib131]^ likely due to major physiological and microbial differences between rodents and humans. CF mice only manifest a mild inflammatory lung phenotype. coupled to hyper-responsiveness to bacteria or microbial products^[@bib90],\ [@bib91]^ that may be measured experimentally. Nevertheless, CF mice may be useful to test candidate drugs.

Murine and human CFTR exhibit a 78% amino acid sequence homology. The first CFTR knockout (CFTR^tm1UNC^) mice were generated by the insertion of a stop codon in exon 10 (S489X mutation), but other knockout mice including CFTR^tm1CAM^, CFTR^tm1BAY^, CFTR^tm3BAY^ and CFTR^tm1HSC^ have been generated. Now, multiple knock-in mice bearing the most common CFTR mutation F508del, CFTR^tm1EUR^, CFTR^tm1KTH^, CFTR^tm2CAM^, or mutations G480C (CFTR^tm1HGU^), G551D (CFTR^tm1G551D^), G542X are available (reviewed in ref. [@bib89]).

In contrast to patients with CF, mice carrying equivalent mutations in the CFTR gene fail to develop severe lung disease unless they are experimentally challenged.^[@bib89],\ [@bib131]^ Instead, CF mice often die from intestinal obstruction, which only occurs in a minority of infants with CF.^[@bib89]^ CF mice can manifest spontaneous inflammation and mount hyperinflammatory responses upon challenge with live bacteria or lipopolysaccharide (LPS).^[@bib25],\ [@bib35],\ [@bib36],\ [@bib91],\ [@bib132]^ Early changes in respiratory mechanics and distal airspace enlargement have been described in C57Bl/6 mice bearing F508del or R117H CFTR mutations in the absence of infections, similarly to the early lung phenotype of CF patients.^[@bib90]^ Agarose beads containing *Pseudomonas* can be used to cause chronic endobronchial infections in CF mice.^[@bib133]^ Repeated exposure of CFTR knockout mice to LPS causes abnormal and persistent immune response and inflammation associated with robust architectural changes and lung remodeling that are not observed in wild-type littermates.^[@bib91]^

Although differences in genetic background determine variations in the phenotype,^[@bib89]^ CF mice may be useful to test candidate drugs, provided that appropriate biomarkers are selected. The orally bioavailable read-through agents PTC124 and NB124, have been tested in G542X mice in which they both partially restored CFTR protein expression in the intestine.^[@bib43]^ In mice bearing the F508del-CFTR mutation, glafenine partially restored CFTR trafficking defect.^[@bib134]^ Moreover, a 6-day treatment with n-butyldeoxynojrimicin (Miglustat) improves sodium and chloride transport across epithelial layers.^[@bib135]^ More recently, CFTR^tm1EUR^ mice, have been used to demonstrate the ability of proteostasis modulators,^[@bib24],\ [@bib25],\ [@bib31],\ [@bib35]^ to (i) rescue CFTR protein expression and function, (ii) reduce lung inflammation, and (iii) prevent the juvenile overmortality due to intestinal obstruction.^[@bib35]^ Moreover, Tosco *et al.*^[@bib36]^ generated a new CFTR^F508del/null^ mouse that may be considered as a model of F508del composite heterozygous patients.

CF mice can provide information on the mechanisms through which a candidate drug rescues CFTR function. As an example, inhaled lentiviral vectors can be used to overexpress proteins (such as BECN1), or to silence proteins (such, as SQSTM1/p62) by RNA interference, with the scope of mimicking the positive effects of cysteamine on F508del-CFTR function lung inflammation.^[@bib36]^ Tosco *et al.* provided genetic proof that combination therapy with cysteamine and EGCG improves CF via the induction of autophagy by backcrossing the CFTR^tm1EUR^ defect into a *Becn1* haploinsufficient (i.e., autophagy-deficient) background, in which the combination regimen failed to restore CFTR function.

Transgene-enforced overexpression of the *β* subunit of the ENaC channel (*β-ENAC* mice) with consequent overactivation of the ENaC channel and Na^+^ hyperabsorption, recapitulates the clinical CF lung phenotype more accurately than the mutation of CFTR.^[@bib136]^ While this model can be used to dissect the pathogenesis of pulmonary disease in CF, it is not useful to test etiological CF therapies.

Recently, pig^[@bib92]^ and ferret^[@bib93]^ models of CF have been developed to better mimic the human disease. In spite of their size and cost, 'CF pigs' promise to constitute a valuable tool to study CF disease mechanisms.^[@bib92]^

###### Toward a personalized CF therapy

Personalized medicine posits the adaptation of therapeutic interventions to individual patients. Indeed, population-based clinical usually lead to the discovery of patient subgroups who either are refractory to the treatment or manifest major toxicities. Ever sophisticated molecular analyses of genes, proteins, microbiomes and metabolites favor the personalization of treatments.

Besides measurements of drugs capability of restoring CFTR function *in vivo*, additional markers of disease reversion have been implemented to anticipate early potential clinical benefits.^[@bib94]^

**Biomarkers of CFTR function**

Assessing CFTR function as early detector of the repair of CFTR defect should be mandatory for etiological therapies. CFTR function can be measured *in vivo* assessing the sweat chloride concentrations, the nasal potential difference (NPD) or intestinal current measurements (ICMs). As recently reported for Ivacaftor^[@bib137]^ and proteostasis regulators,^[@bib36]^ the sweat chloride concentration constitutes a feasible and appropriate biomarker of CFTR function *in vivo*, in spite of its high inter-patient variability.^[@bib97],\ [@bib137]^ NPD can provide information on both chloride secretion and sodium absorption at a disease-relevant site, in spite of considerable within-subject variability.^[@bib97]^ NPD has been shown to possibly reveal patient's responsiveness in clinical trials.^[@bib46],\ [@bib97],\ [@bib137]^ However, NPD needs the active cooperation by the patient, limiting its utility in infants. ICMs are performed on suction rectal biopsies in micro-Ussing chambers^[@bib138]^ and discriminate between CF and non-CF individuals, yet are poorly acceptable to patients.

Nonetheless, none among the aforementioned tests can be used to either predict and monitor the responsiveness of patients to treatment. Prolonged cultures of nasal or bronchial epithelial cells or intestinal organoids are potentially useful to predict drug efficacy. As a drawback, these procedures require the time-consuming expansion of primary cells, meaning that the cells are unlikely to preserve the changes induced by prior drug exposure *in vivo* and hence cannot be used to monitor pharmacological effects. Hence, preference has to be given to freshly explanted cells that can be analyzed for predictive or pharmacodynamics biomarkers *ex vivo*. Epithelial cells that are freshly collected by nasal brushing and then analyzed *ad hoc,* without further *in vitro* expansion, may better fulfill this task.

**Mechanistic biomarkers**

Beyond the assessment of CFTR expression and function (which obviously yields the most accurate 'on target' biomarker), other biomarkers can be explored. Thus, mechanistic biomarkers (like the abundance of BECN1 and STQM1/p62 as well as the lipidation of LC3) inform whether a candidate drug induces autophagy. Moreover, the detection of early indicators of disease reversion (as the expression of inflammatory cytokines at the mRNA and protein levels) can be monitored to predict potential clinical benefit.

**Biomarkers of inflammation**

Broncho-alveolar lavage (BAL) allows to directly measure biomarkers of lung inflammation. However, the invasiveness of BAL collection limits its application. Induced or spontaneously expectorated sputum can replace BAL in collaborating adult and adolescents patients.^[@bib139]^ Nasal brushings freshly collected from CF patients have been shown to recapitulate many features of lower airways and can represent a simple and feasible procedure in both young and adult patients.^[@bib35],\ [@bib36]^ Exhaled breath condensate mostly consisting of condensed water vapor with a small and variable fraction of airway secretions, can be an additional non-invasive procedure to assess non-volatile compounds contained in peripheral airway surface liquid, including cytokines, nitrates, leukotrienes, purines, and 8-isopentane^[@bib140]^ that can be measured by mass spectrometry.^[@bib141]^ The expression levels of inflammatory cytokines can be determined at the mRNA and protein levels in BA, or plasma^[@bib142]^ as early predictors of lung disease. The expression of inflammatory cytokines in brushed nasal cells parallels that found in sputum.^[@bib35],\ [@bib36]^ Thus, a decrease of tumor necrosis factor-*α* and interleukin-8 in nasal cells mimicked that observed in patient's sputum and significantly correlated with the restoration of CFTR function during treatment with cysteamine and EGCG.^[@bib35],\ [@bib36]^ Indeed, 88.4% of 'responders', defined as patients who restored CFTR function and mechanistic biomarkers of autophagy (such a BECN1 or SQSTM1) upon treatment reduced the levels of inflammatory cytokines by more than 30%.^[@bib35],\ [@bib36]^

**Biomarkers of lung infection**

Finding appropriate biomarkers for the detection of pathogenic organisms in the lower respiratory tract, as bacterial cultures in BAL or measurements of the values of circulating anti-*Pseudomonas* antibodies, represent a challenging and debated issue. In addition, the analysis of exhaled breath volatile organic compounds is being investigated as a possible early biomarker of detection and eradications of pathogens in the lungs.^[@bib143]^ The assessment of free neutrophil elastase can be used as a predictor of structural lung damage.

**Biomarkers of metabolic changes**

Metabolic changes have been observed in CF BAL and correlate with neutrophil counts and surrogate markers of lung function (FEV~1~).^[@bib140],\ [@bib141]^
